Abstract Passive intermodulation (PIM) has gradually become a serious electromagnetic interference due to the development of high-power and high-sensitivity RF/microwave communication systems, especially large deployable mesh reflector antennas. This paper proposes a field-circuit coupling method to analyze the PIM level of mesh reflectors. With the existence of many metalmetal (MM) contacts in mesh reflectors, the contact nonlinearity becomes the main reason for PIM generation. To analyze these potential PIM sources, an equivalent circuit model including nonlinear components is constructed to model a single MM contact so that the transient current through the MM contact point induced by incident electromagnetic waves can be calculated. Taking the electric current as a new electromagnetic wave source, the far-field scattering can be obtained by the use of electromagnetic numerical methods or the communication link method. Finally, a comparison between simulation and experimental results is illustrated to verify the validity of the proposed method.
Introduction
Passive intermodulation (PIM) is a source of electromagnetic interference which refers to that the output will consist of new frequencies due to the interaction of inherent nonlinearities of passive devices when two or more transmission signals pass through them. 1, 2 With the development of higher power, wider band, and higher receiving-sensitivity communication systems, PIM interference has become a serious problem that cannot be ignored because PIM signals will fall into the receiving band of RF/microwave communication systems. Once these intermodulation frequencies fall into the receiving band, they will degenerate the G/T values of satellites and probably exceed the low band of thermal noises of receivers, which can degenerate normal performances of satellite systems or even seriously destroy satellite systems. Therefore, PIM level has become one of the prime performance indicators and considerations for frequency planning and performance design of communication systems. 3 With the deep developments and wide applications of satellite technologies in the fields of communication, radio, microwave power transmission, radio astronomical observations, earth and space explorations, and so on, large deployable mesh reflector antennas become more and more important. 4, 5 Deployable mesh reflector antennas have been more widely used in the aerospace field because of their light weight, small size, high shaping precision, and performance stability, such as the 12 m-diameter umbrella-type antenna on ACeS, the 17 m · 19 m tension truss antenna on the ETS-VIII satellite, the 12 m-diameter AstroMesh deployable reflector antenna on MASAT-4 and the 22 m-diameter ring-type antenna on the Skyterra-1 satellite.
Nowadays, there are two methods to evaluate PIM product (PIMP). One is experimental measurement, in which the higher-order PIM level can be predicted by measuring the lower-order PIM level. 6 However, there still exist some tough tasks with this method, such as the requirements of low PIM and high-sensitivity receiver for test systems, and uncertainty of PIM level varying over time and subject to strict environmental conditions. Besides, one test system can only be used for specific measurement tasks so it could not be used for general test purposes. The other method is computer simulation. Available electromagnetic analytical software based on frequency domain analysis can only simulate a single frequency at a time. The material constitutive parameters (e.g., electrical conductivity, magnetic permeability, and permittivity) are considered to be constant, so they can only deal with the linear problems. The methods based on time domain analysis are feasible to address the nonlinear problems, for example, the timedomain physical optics (TD-PO) method has been applied to PIM simulation. 7, 8 Recently, the equivalent circuit method has been applied to calculate PIMP of waveguide connections. [9] [10] [11] However, the waveguide connection is a static contact (unchanged contact impedance) problem. The metalmetal (MM) contact problem with variational contact impedances in mesh reflectors is investigated in this work. The nonlinear equivalent circuit model of the MM contact is established. Then the MM contact data calculated by the equivalent circuit method are used to derive the time-domain scattered field in space.
PIM frequency and order
When two or more signals are mixed in passive components with weak nonlinearities, PIMP will generate. In order to better understand the PIM concept, a simple case is presented. Supposing that the stimulus consists of two sinusoid signals with amplitudes of A 1 , A 2 and frequencies of f 1 , f 2 , respectively, the stimulus can be expressed as
When the stimulus flows through a nonlinear device, the output signal of the nonlinear device, f(x), can be obtained in the form of power series, that is,
where k i (i P 2) is the nonlinear coefficient depending on inherent characteristics of the device.
Substituting Eq. (1) into Eq. (2), the spectra consisting of two excitation signals, many harmonic signals, and intermodulation signals can be obtained. The frequencies of the output signal are given as
where m and n are integers, and (|m| + |n|) is defined as the order of PIM.
Nonlinear analysis of mesh reflectors
Basically, there are two types of passive nonlinearities in communication systems: contact nonlinearities and material nonlinearities. 12 The former refer to any contacts that have a nonlinear current/voltage behavior, of which loose, oxidized, and contaminated metallic joints are typical examples. The latter refer to bulk materials such as ferromagnetic materials and carbon fibers, which have nonlinear electrical characteristics.
There is a series of potential PIM sources existing in complex knitted wire mesh reflectors, 13 as shown in Fig. 1 . PIM sources mainly include: (1) the relative movement of the wire mesh; (2) the diversity and uncertainty of electrical contact points; (3) metal oxidation. These loose metal contact points of mesh reflectors belonging to contact nonlinearities are important PIM sources.
Equivalent circuit model
Mesh reflector surface is made of many small surfaces, such as triangle, quadrangle, and three-dimensional curved surfaces, which are used to approximate the theoretical paraboloid surface. Each small surface contains many MM contact points. The equivalent circuit model of a single contact point is firstly described in the following, and then the equivalent circuit model of a wire mesh unit is investigated.
Equivalent circuit model of a contact point
The contact nonlinearity is mainly discussed in this paper. Each MM contact point of wire mesh is regarded as a potential PIM source. The contact status of two metal wires can be divided into three types: perfect-contact, semi-contact, and non-contact. Based on the current/voltage characteristic of diodes, as shown in Fig. 2 , their forward resistance is zero, and the non-conduction resistance is infinite. Therefore, two Fig. 3 , are combined to control the conduction of circuit branches in the equivalent circuit of a contact point, which can simulate the three contact states of wire mesh. The circuit model of a single contact point is shown in Fig. 3 . R c and C c are the contact resistance and capacitance, respectively. C nc is the noncontact capacitance.
Principle of the equivalent circuit model
Based on the current/voltage characteristic of diodes, as shown in Fig. 2 , the nonlinear resistances of two diodes R D 1 and R D 2 varying with time are shown in Fig. 4 . It can be noted that a diode is in the non-conduction state when its nonlinear resistance is very large, and is in the conduction state when that is zero or near to zero. When the resistance is between very large and zero, it corresponds to the intermediate state of the diode. From Fig. 4 , it can be seen that two diodes cannot be conductive or non-conductive simultaneously. It guaranties that the branches containing diodes D 1 and D 2 respectively cannot be on or off simultaneously.
When diode D 1 is fully conductive, it corresponds to the perfect contact state. When diode D 2 is fully conductive, it corresponds to the non-contact state of wire mesh. When two diodes are in semi-conductive states, that is, a small current through two branches, it corresponds to the semi-contact state. Therefore, the simulations for the three contact states of metal wires are achieved by two diodes with opposite directions. Certainly, a contact point of metal wires can only be one of the three states at the same time. Furthermore, the specific physical effects produced by the MM contact can be simulated by a series of series-parallel resistances and capacitances, as shown in Fig. 3 .
Parameter calculation of the equivalent circuit model
Due to natural oxidation, contamination, and other reasons, a certain degree of thin dielectric layer may exist in the MM contact region of two metal wires, which is called a metalinsulator-metal (MIM) contact. Besides, the surface roughness of metal wires should be considered because of mechanical fabrication.
10,11 On a microscopic level, actual electrical conduction takes place only where the asperities of these metal surfaces contact each other with sufficient force to pierce these insulating films and establish a metal junction. Only a small portion of metal surfaces are in real contact, as shown in Fig. 5 .
In order to simulate the rough surface, some mathematical models have been proposed. 14, 15 At present, the work on rough surfaces is mainly based on the random statistical theory, such as the classical Greenwood-Williamson (GW) model. 10 In this model, the contact between two rough surfaces can be regarded as the contact between a hard surface and a rough surface with equivalent material parameters, as shown in Fig. 6 . The rough surface has a large number of asperities. These asperities are modeled by circular peaks with a uniform radius of R and a height of z which obeys a certain probability distribution function with respective to a reference plane. The standard deviation of surface heights is denoted as r. The common probability distribution functions are Gaussian distribution and Weibull distribution. 10 For characterizing the contact surface, the following three parameters are introduced: w is the interference distance, that is, the asperity distance which is penetrated into the flat surface; d is the distance between the flat surface and the mean of asperity heights; g is the micro-asperity density. r, R, and g can be obtained by measuring surface roughness. The contact between two metal wires can be approximately regarded as a flat surface contact in microscopic view. Thus the analytical process can be simplified. The equivalent circuit shown in Fig. 3 is similar to the MIM equivalent circuit for waveguide connections. 10 The envelope contact resistance R c is the sum of the constriction resistance caused by the convergence and divergence of the current in the micro-asperity zone and the film resistance resulted from oxides or pollutants on contact surfaces. 16 The contact capacitance C c derives from the MIM structure. The existence of the non-contact capacitance C nc results from the incomplete contact due to the existence of micro-asperities and the insulating layer on the contact surface. These circuit parameters can be calculated as follows:
where the permittivity of vacuum e 0 = 8.85 · 10 À12 F/m, e r is the relative permittivity of the insulating layer, s is the thickness of the insulating layer, q 1 and q 2 are the specific resistivity of the contact surfaces, R is the average contact radius, A * is a dimensionless parameter, 10 A n is the nominal contact area, and N c is the number of micro-asperities on contact.
Equivalent circuit of a wire mesh unit
The analytical procedure for the equivalent circuit of a wire mesh unit can be concluded as follows. Firstly, the equivalent circuit of every contact point found by the knitted structures of the wire mesh unit is established using the above method. Secondly, the equivalent circuits of all contact points are connected together according to their topological spatial relationship to form the equivalent circuit model of the wire mesh unit. Lastly, the equivalent circuit model can be simulated by harmonic balance analysis in ADS software. 17 The incident power of the wire mesh unit is determined by Eq. (7) and is used as the excitation of the equivalent circuit.
The power captured by the wire mesh unit under the assumption of a far-field feed illuminating the mesh can be expressed as follows:
where P 0 i is the power captured by the ith wire mesh unit, P 0 is the carrier power density of the reflector at distance D 0 from the feed, S u is the area of the wire mesh unit and S u = A r /N, in which N is the total number of wire mesh units and A r is the total area of mesh reflector, P T and G T are the transmitting power and gain of the feed, respectively.
Scattered field calculation
The near-field PIM power level and the equivalent surface current of the wire mesh unit are obtained through the harmonic balance analysis of the equivalent circuit. Then the far-field PIM level should be derived by extrapolating the near-field results. Two approaches are introduced for this purpose. One is the communication link method and the other is the finite difference time domain (FDTD) method.
Communication link method
The communication link method is derived from the analytical principle of the Friis transmission equation which relates the power received to the power transmitted between two antennas. 18 The analytical procedure of the communication link method is described in the following.
Step 1. By the harmonic balance simulation, the timedomain current through a wire mesh unit is obtained. This current contains the intermodulation frequencies, and thus we can get the power of PIMP. The power of a certain intermodulation frequency is assumed as P 2 .
Step 2. We can assume that power P 2 is transmitted by an isotropic antenna into space without transmission attenuation. The power density at distance D 0 produced by the wire mesh unit can be obtained as follows:
Step 3. Suppose that the effective receiving area of the feed antenna is A E ¼ k 2 p G r =ð4pÞ, where k p is the wavelength of a certain intermodulation frequency and G r is the receiving antenna gain. The received power of PIMP generated by the wire mesh unit is
Step 4. Each contact point of wire mesh is considered as a potential PIM source. The uncorrelated case appears to be a reasonable condition. In this case, power adding of all infinitesimal PIM contributions due to the mesh nodes at any point of the far-field plane is performed. The PIM sources being assumed independent and phase uncorrelated, the received PIM power in the far field is
with N = A r /S u .
Surface current extrapolation
The scattered field is determined by extrapolating the obtained equivalent surface current. At present, the most common methods for calculating scattered fields include the time domain physical optics (TDPO) method and the finite difference time domain (FDTD) method. The XFDTD software 19 is adopted for scattered field analysis in this section. The analytical procedure is as follows.
Step 1. The nonlinear surface current of a contact point is converted into the user-defined wave source of the XFDTD simulator.
Step 2. The scattered field of the far field is calculated.
Step 3. Since the obtained data is normalized by the fast Fourier transform (FFT) of XFDTD, it is necessary to convert the time-domain electric field intensity into the frequency-domain one. In the form of absolute amplitude, the electric field intensity, E, of the scattered field is 10 lg E with a unit of dBl V/m.
Step 4. The far-field scattered field is an electric field, E with a unit of l V/m, while the resulted analysis is to obtain the PIM power level, P r with a unit of mW. The transformation relationship between E and P r is as follows: 20 10 lg P r ¼ 20 lg E À 20 lg f PIM þ 10 lg G r þ 42:787 ð11Þ
The above computation result is the PIM power level arising from a contact point, and its PIM power value, P dot with a unit of mW, can be derived with the antilog function.
Step 5. Consider all contact points of wire mesh in the most serious cases of the independent and phase uncorrelated PIM sources, the received PIM power with a unit of dBm is
where N dot is the number of contact points in the wire mesh unit.
Simulation example and verification
The 12 m-diameter deployable mesh reflector developed by ESA 13 is taken as an example, as shown in Fig. 1 , which is made of three wires of tungsten (twisted together) with an individual core diameter of 15 lm The overcoat covering each micro-wire is made of gold (thickness of 0.25 lm) lying over an intermediate layer of nickel (thickness of 0.2 lm). The mesh installed on the reflector will have a nominal tension of 5 g/cm. The dimensions of the wire mesh sample measured are 0.25 m · 0.25 m. The frequencies of the carrier are 10.59 GHz and 12.6 GHz with a power of 50 dBm. The result of a PIM test in the radiated mode indicate the third-order PIM value of the sample is À127 dBm. Figs. 7 and 8. In Fig. 7, m 1 represents the power level and frequency of the third-order PIMP.
Extrapolation from near-field to far-field
Based on the communication link method, the far-field power level of the third-order PIMP shown in Fig. 7 can be calculated by Eq. (10). The result is À135 dBm. Compared with the test result, À127 dBm, 13 the error is À6.29%, which verifies the feasibility of the proposed method.
On the other hand, the scattered field of the far field is calculated by the XFDTD software to get the electric field intensity, as shown in Fig. 9 . The amplitude of the third-order PIMP is À64 dBlV/m, which is converted into the received power level that is À204.7 dBm. The PIM power value, P dot , of a contact point is then calculated using the antilog function. The power level of the third-order PIMP is À132.2 dBm by Eq. (12) . The error is À4.1% compared with the test result, À127 dBm 13 which sufficiently shows the feasibility of the proposed approach.
Conclusions
(1) The far-field PIM level produced by mesh reflectors is calculated and analyzed with the equivalent circuit method based on the nonlinear characteristics of MM contacts in this paper. (2) Two diodes with opposite directions are adopted to simulate three contact states including perfect-contact, semi-contact, and non-contact of two metal wires. Then the far-field PIM level could be derived by extrapolating the near-field results. (3) Two approaches are introduced including the communication link method and the FDTD method. (4) The theoretical simulation is compared with an example of testing PIMP arising from a mesh reflector. The results indicate the effectiveness of the proposed fieldcircuit coupling method, which lays a good foundation for PIM numerical evaluation of knitted mesh samples.
